Deltex (DTX) and AIP4 are the human orthologues of the Drosophila deltex and Suppressor of deltex, which have been genetically described as being antagonistically involved in the Notch signalling pathway. Both genes encode E3 ubiquitin ligases of the RING (Really interesting new gene)-H2 and HECT (Homologous to E6AP carboxyl terminus) families, respectively. In an attempt to understand the molecular basis of their genetic interactions, we studied the relationship between DTX and AIP4 in the absence of activation of the Notch pathway. We show here that both molecules interact and partially colocalize to endocytic vesicles, and that AIP4 targets DTX for lysosomal degradation. Furthermore, AIP4-generated polyubiquitin chains are mainly conjugated through lysine 29 of ubiquitin in vivo, indicating a link between this type of chain and lysosomal degradation.
INTRODUCTION
Notch signalling is an evolutionarily conserved mechanism allowing the correct specification of multiple cell types. Genetic analysis in Drosophila supports the idea that Deltex (DTX, the product of the Dx gene) is a positive regulator of Notch signalling (Diederich et al, 1994) , acting upstream of an active intracytoplasmic form of Notch and downstream of full-length Notch in the signal-receiving cell. The Drosophila DTX protein contains: amino-terminal WWE domains (characterized by two conserved Trp residues and a Glu residue), which are important for its direct interaction with Notch (Matsuno et al, 1995; Zweifel et al, 2005) ; a proline-rich domain; and a carboxy-terminal, highly conserved, RING (Really interesting new gene)-H2 finger domain, which is also found in a number of other proteins that act as ubiquitin ligases (Jackson et al, 2000) . DTX function seems to be conserved in mammals and so far three members of the family have been identified Ordentlich et al, 1998; Kishi et al, 2001) . Despite a rather abundant literature, the biochemical function of the DTX protein in the Notch pathway has remained elusive and controversial (Takeyama et al, 2003; Hori et al, 2004) .
Suppressor of deltex (SU(DX)) is a negative regulator of the Notch pathway (Mazaleyrat et al, 2003) , acting antagonistically to the positive regulator DX in Drosophila. Its human orthologue is AIP4 (atrophin-1-interacting protein 4), and its orthologue in the mouse is Itch (Fostier et al, 1998; Perry et al, 1998; Cornell et al, 1999) . This HECT-type E3 ubiquitin ligase has been proposed to promote ubiquitination of Notch (Qiu et al, 2000) and also of other substrates (see Discussion). In Drosophila, SU(DX) regulates the post-endocytic sorting of Notch in the early endosome to an Hrs (HGF-regulated tyrosine kinase substrate)-and ubiquitinenriched subdomain before transport to the late endosome (Sakata et al, 2004; Wilkin et al, 2004) . As a first approach at deciphering the complex relationship that exists among DTX, AIP4 and Notch in mammals, we decided to focus on AIP4 and DTX. Given their role in regulating the steady-state level of various substrates, we asked whether AIP4 and DTX could interact and regulate each other's activity or level. We show here that, in agreement with their known epistatic interactions, AIP4 and DTX interact directly and that AIP4 ubiquitinates DTX and targets it for lysosomal degradation. Furthermore, this regulation involves the endocytic pathway and ubiquitination by unconventional ubiquitin chains.
RESULTS

AIP4 interacts with DTX
To characterize the relationship between AIP4 and DTX, we co-transfected HEK293T cells with either wild-type proteins (DTX1 and AIP4) or proteins in which the E3 activities have been abolished by point mutations (named DTXC3A and AIP4DN, respectively). By immunoprecipitating AIP4 proteins with Flag antibody, we could detect wild-type or C3A DTX (Fig 1A, upper panel, , showing that these proteins interact and that their ubiquitin-ligase activity is not required for the interaction. The amount of co-immunoprecipitating DTX or DTXC3A was much higher with AIP4DN than with AIP4 (compare lanes 4,6 with 3,5), when compared with similar quantities of these proteins in the extracts (middle and bottom panels). The same phenomenon was previously observed in the case of the degradation of LMP2A (latent membrane protein 2A; an Epstein-Barr virus protein implicated in the maintenance of viral latency) by AIP4 (Winberg et al, 2000) , indicating that AIP4 E3 ubiquitin-ligase Fig 1B) . We next examined the distribution of DTX and AIP4 by using immunofluorescence microscopy of transfected HeLa cells (endogenous AIP4 cannot be detected by immunofluorescence with the available antibodies). As AIP4 has been shown to be strongly associated with endocytic vesicles (Marchese et al, 2003; Angers et al, 2004; Fang & Kerppola, 2004) , we treated the transfected HeLa cells with saponin before fixation to permeabilize the cholesterol-containing membranes and eliminate most cytosolic proteins. With this procedure, signals for transfected DTX or DTXC3A were associated with intracellular vesicles (Fig 1Ca,d ,g,j,m), a subset of which was also positive for AIP4 (d-f), or endogenous Hrs (m-o). The association of stably expressed DTX with endocytic vesicles was confirmed in MD and ID cells (see Fig 2C) .
AIP4 induces DTX degradation
To further investigate the putative role of AIP4 in DTX regulation, we reduced the level of AIP4 by short interfering RNA silencing (see supplementary Fig S1 online ) and monitored the half-life of DTX by using a cycloheximide experiment. Overexpressed DTX protein showed a half-life of about 2 h (Fig 2A, lanes 1-4) , which was extended to more than 5 h when expressing AIP4DN (lanes 5-8) or silencing endogenous AIP4 (lanes 9-12). Overexpressing a dominant-negative form of another E3 ubiquitin ligase, cbl, did not affect DTX turnover (data not shown). We also monitored DTX degradation in MD and ID cells in the presence of lysosomal (leupeptin þ NH 4 Cl) or proteasomal (MG132) inhibitors. DTX showed a half-life of 2 h (Fig 2B, lanes 1-5) and was stabilized by treatment with MG132 (lanes 6-9) in both cell lines. By contrast, DTX degradation was delayed in leupeptin and NH 4 Cl-treated MD cells (lanes 10-13) and not affected in ID cells. Thus, DTX is subject to a double regulation by proteasomal and lysosomal degradation, the latter resulting from AIP4 activity. To further confirm these data, we compared the localizations of DTX and LAMP-1, a marker of the late endosome/lysosome compartment. In MD cells, DTX signals overlapped partially LAMP-1-positive vesicles (Fig 2Ca-c ). This colocalization was enhanced when cells were treated with leupeptin and NH 4 Cl (g-i). By contrast, in ID cells, DTX seemed to be predominantly adjacent to LAMP-1 vesicles, rather than coincident as in MD cells, irrespective of leupeptin and NH 4 Cl treatment ( Fig 2D) . In both cell lines, MG132 treatment increased the intensity of DTX staining without affecting its localization (Fig 2Dd-f) , confirming that the proteasome partially accounts for DTX degradation. These data indicate that in the absence of AIP4, DTX remains associated with early endosomes, whereas in the presence of AIP4, at least some DTX molecules follow the endocytic pathway until their degradation in the lysosomes.
AIP4 catalyses the formation of K29-polyubiquitin chains
To identify the type of isopeptide linkage catalysed by AIP4, we generated expression vectors encoding VSV-tagged ubiquitins mutated in all but one of the critical lysine residues used to polymerize ubiquitin molecules (such as K29, K48 or K63), thus allowing the formation of a single type of polyubiquitin chain. We immunoprecipitated DTX in extracts derived from cells co-transfected with these ubiquitin vectors and displayed the ubiquitinated products by immunoblotting with anti-VSV ( Fig 3A) . Ubiquitination of DTX was predominantly detected when using ubiquitin (Ub) K29 (upper panel, lanes 3,4), as compared with Ub K48 or K63 (lanes 5-8). It was further enhanced when AIP4 was co-transfected, whereas the K48 or K63 ubiquitinations were less affected. The absence of signal when using extracts devoid of DTX in the presence of Ub K29 (lane 9), as well as the apparent molecular weight of the VSV-positive molecules (starting at the position of DTX, indicated by a black dot), suggested that these ubiquitinated products were derived from DTX and not from a nonspecific or DTX-associated protein. We also carried out the reverse experiment, in which the ubiquitinated molecules were first immunoprecipitated and the DTX forms detected by western blotting (lanes 10-13). A DTX-containing ladder was enriched in the presence of AIP4 and Ub K29 (lane 11), confirming that the K29-polyubiquitinated species were mainly derived from DTX. Using other ubiquitin expression vectors in which only one lysine was mutated to an arginine, thus preventing one type of chain to be polymerized, also showed the preferential ubiquitination of DTX through K29 chains (supplementary Fig S2 online) . The same type of experiment was carried out using AIP4 as a ubiquitin acceptor, showing that under overexpression conditions, AIP4 targets its own degradation after autoubiquitination through K29-linked chains (supplementary Fig S3 online) . These results indicate that formation of K29-linked polyubiquitin chains could constitute a characteristic of AIP4 activity. 
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To establish a link between the type of chains formed and the fate of the ubiquitinated molecules, we treated the transfected cells with either MG132 or leupeptin and NH 4 Cl, and immunoblotted the extracts for DTX (Fig 3B) . A ladder of ubiquitinated forms of DTX was specifically stabilized in the presence of both Ub K29 and lysosomal enzymes inhibitors (lanes 11,12), suggesting a connection between K29-linked polyubiquitin chains and lysosomal degradation.
DISCUSSION DTX localizes to the endocytic pathway
Two research groups have previously proposed that significant fractions of endogenous or exogenous DTX proteins were localized to the nucleus (Yamamoto et al, 2001; Hu et al, 2003) . However, in our study and also in others Hori et al, 2004) , transiently transfected or stably expressed DTX1 was never detected in the nucleus. AIP4 was shown to be AIP4 targets DTX degradation through K29 polyubiquitination P. Chastagner et al closely associated with endocytic vesicles (Marchese et al, 2003; Angers et al, 2004; Fang & Kerppola, 2004) . Our results show that DTX is associated with similar vesicles, even in cells devoid of AIP4. Thus, although the interaction with AIP4 could help to reach the late endocytic compartment, it might not be the only determinant of DTX localization. We did not detect any direct interaction between DTX and Hrs (data not shown), although they partially colocalize. Recent data in Drosophila indicate an interaction in endocytic vesicles between DTX and Krz, the nonvisual b-arrestin homologue (Mukherjee et al, 2005) . As this molecule contains AP2 and clathrin interaction domains, and has been shown to be associated with seven-transmembrane-spanning receptors, it might account for DTX localization. DTX does not contain any of the canonical PPXY motifs that Martin-Serrano et al (2005) suggest mediate interaction with AIP4. It has been recently shown that distinct WW domains (containing two conserved Trp residues separated by 20-22 amino acids) in the same protein can have distinct binding specificities, and that a given WW domain can recognize several motifs with variable affinities (Ingham et al, 2005) . In particular, the WW domains of the Nedd4 family members preferentially recognize not only PPXY motifs but also PPLP or PR motifs. The latter exist in the proline-rich domain of DTX and could account for DTX interaction with AIP4.
AIP4 targets DTX degradation
Our results show that AIP4 is involved in the degradation of DTX, in the absence of activation of the Notch receptor. We observe degradation of DTX through both the proteasomal and lysosomal pathways, with AIP4 accounting for the lysosomal targeting. However, the half-life of DTX is not markedly shorter in wild-type than Itch À/À cells, although its transportation is affected in the latter, suggesting that a partial compensatory effect might exist in Itch À/À cells. In Drosophila, SU(DX) negatively regulates Notch signalling in different developmental contexts and has been proposed to act upstream of the regulation of Notch target genes (Mazaleyrat et al, 2003) . DX has an opposite effect on Notch signalling and a reduction of SU(DX) E3 activity results in suppression of loss-of-function phenotypes of DX. Thus, their genetic interactions could be due to one molecule regulating the other. In Drosophila, Sakata et al (2004) have observed that the amount of DTX increased in the absence of Nedd4 or when a dominant-negative form of this E3 ligase was overexpressed. These data are in perfect accordance with our conclusions. By contrast, Wilkin et al (2004) have proposed that SU(DX) regulates the post-endocytic sorting of Notch in the early endosome to an Hrs-and ubiquitin-enriched subdomain. Wilkin et al rule out models by which SU(DX) downregulates Notch by modulating DTX, because dx-null mutants are suppressed by SU(DX) mutation and fail to prevent the induction of ectopic Notch signalling by SU(DX) DHECT . To resolve these apparent discrepancies, we propose that AIP4 could have a bifunctional role by inducing the degradation of both DTX and Notch in the absence of activation, as has been suggested for Nedd4 in Drosophila (Sakata et al, 2004) .
K29 polyubiquitination-a signature of AIP4?
The isopeptide linkage of a polyubiquitin chain is a particularly important determinant of its cellular function; for example, K48-linked chains commonly target proteins for proteasomal degradation (Aguilar & Wendland, 2003) . Our results show that AIP4 directs polymerization of ubiquitin, primarily through an unconventional linkage involving residue K29, both on itself and on an heterologous substrate, DTX. To our knowledge, this is one of the first examples of K29-linked chains described in vivo (see also Johnson et al, 1995) . Among the HECT-E3 ubiquitin ligase family, KIAA10 has been described as catalysing the formation of K48-and K29-linked chains in vitro, whereas E6AP produced only K48-linked chains (Wang & Pickart, 2005 with Ub K63; so it is possible that Ub K29 would have been incorporated more efficiently in the polyubiquitin chains. Conversely, CXCR4 and Hrs have been proposed to be monoubiquitinated by AIP4 (Marchese & Benovic, 2001; Marchese et al, 2003) . As AIP4 might be important in the lysosomal targeting of its substrates, such as CXCR4 (Marchese et al, 2003) , Jun (Fang & Kerppola, 2004) , endophilin A1 (Angers et al, 2004) or DTX (our study), it remains to be explained whether the topology of the chains assembled by AIP4 on its various substrates would define their fate.
METHODS
Immunofluorescence. Cells were grown on glass coverslips and were transiently transfected using Fugene transfection reagent (Roche, Mannheim, Germany) for 24 h. HeLa cells were permeabilized with PBS, containing 0.02 % saponin for 5 min, then fixed with 4% paraformaldehyde. Mouse embryonic fibroblasts were first fixed, then permeabilized with 0.2% Triton. Cell preparations were mounted in Mowiol (Calbiochem, Merck Biosciences, Darmstadt, Germany) and images acquired with 0.3 mm sections using a Axioplan 2 imaging with ApoTome system (Carl Zeiss MicroImaging Inc., Le Pecq, France). Cell extracts, immunoprecipitations and immunoblots. 293T cells were collected 24 h after transfection, washed in PBS buffer and lysed in 50 mM Tris-HCl (pH 8.0), 1% NP-40, 400 mM NaCl supplemented with 1 Â protease inhibitor cocktail (Roche) and 5 mM N-ethylmaleimide (Sigma, Lyon, France). Immunoprecipitations and immunoblots were carried out as described previously (Gupta-Rossi et al, 2004) . Measurement of DTX half-life. Cycloheximide (50 mg/ml; Sigma) and other drugs were applied to subconfluent MD, ID cells or 293T cells 24 h after transfection. Protein levels were determined after collecting and lysing cells at the indicated time points and analysing by immunoblotting. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
